ABSTRACT 1 -Behenyl-2-lauryl-sn-glycero-3-phosphocholine (22/12 PC) belongs to a unique group of phospholipids in which the molecule has one acyl chain almost twice as long as the other. The temperature-composition phase diagram for this lipid in the range of 25-650C, and 0 to 84.3% (w/w) water has been constructed by using the isoplethal method in the heating direction and x-ray diffraction for phase identification and structure characterization. At water contents between 10.3 and 34% (w/w) and at temperatures below 430C, a single mixed interdigitated lamellar gel phase (Lm', ) of the type described by Hui et al. (1984. Biochemistry. 23:5570-5577) and Mcintosh et al. (1984. Biochemistry. 23:4038-4044) was found. A second phase consisting of bulk aqueous solution coexists with the Lm phase at hydration levels above 34% (w/w) water in the temperature range between 25 and 430C. Above 430C, a partially interdigitated lamellar liquid crystalline (LP) phase (g ) is seen in the water concentration range extending from 0 to 84.3% (w/w). The pure LP phase is found below 43% (w/w) water, while coexistence of the LP phase and the bulk aqueous solution is observed above this water concentration which marks the hydration boundary. Interestingly, the latter boundary for both Lm and LP phases is nearly vertical in the temperature range studied. Furthermore, the lamellar chain-melting transition temperature appears to be relatively insensitive to hydration in the range 0-85% (w/w) water.
INTRODUCTION
Membrane lipid composition analysis studies have shown concerns the more, so-called, symmetric lipids where both that hydrocarbon chain length inequality at the sn-1 and sn-2 chains are of identical or similar chain length and degree, positions of the glycerol backbone is a feature common to position, and isomeric type of unsaturation. This emphasis natural glycerolipids (Small, 1986) . It is surprising, there-most likely reflects ease of synthesis and commercial availfore, that the bulk of the work reported in the literature to date ability of symmetric lipids. Of late, however, there has been length of the longer acyl chain; ACICL, normalized effective chain-length difference; d, lamellar repeat spacing; di, lipid bilayer thickness; dp p, distance between the phosphate-containing headgroups measured across the hydrocarbon chain region of the lipid bilayer; dw, water layer thickness; DPPC, dipalmitoylphosphatidylcholine; DSC, differential scanning calorimetry; AH, enthalpy change; La, lamellar liquid crystalline phase; LP, partially interdigitated lamellar liquid crystalline phase; L13, lamellar gel phase; L', mixed interdigitated lamellar gel phase; L P, partially interdigitated lamellar gel phase with tilted acyl chains; L,, lamellar crystalline phase; n 1, number of carbons in the chain at the sn-1 position of the glycerol backbone; n2, number of carbons in the chain at the sn-2 position of the glycerol backbone; NSLS, National Synchrotron Light Source; P,, ripple phase; PC, phosphatidylcholines; 8/18 PC, l-capryloyl-2-stearoyl-sn-glycero-3-phosphocholine; 10/22 PC, l-caproyl-2-behenyl-sn-glycero-3-phosphocholine; 12/20 PC, l-lauryl-2-arachinoylsn-glycero-3-phosphocholine; 14/14 PC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine; 16/16 PC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine; 16/18 PC, l-palmitoyl-2-stearoyl-sn-glycero-3-phosphocholine; 17/17 PC, 1,2-dimargaroyl-sn-glycero-3-phosphocholine; 18/10 PC, l-stearoyl-2-caproyl-sn-glycero-3-phosphocholine; 18/12 PC, l-stearoyl-2-lauryl-sn-glycero-3-phosphocholine; 18/14 PC, l-stearoyl-2-myristoyl-sn-glycero-3-phosphocholine; 18/16 PC, l-stearoyl-2-palmitoyl-sn-glycero-3-phosphocholine; 18/18 PC, 1,2-distearoyl-sn-glycero-3-phosphocholine; 20/12 PC, 1-arachinoyl-2-lauryl-sn-glycero-3-phosphocholine; 22/12 PC, l-behenyl-2-lauryl-sn-glycero-3-phosphocholine; 18/10 PE, l-stearoyl-2-caproyl-sn-glycero-3-phosphoethanolamine; RH, relative humidity; s [= (2/A) sin 0], reciprocal lattice coordinate; S, average area available to one hydrophilic group at the lipid bilayer-water interface; X, cross-sectional area per acyl chain in the plane of the membrane; Sl/, average number of acyl chains per lipid head group; v,, specific volume of the lipid; Tm, chain order/disorder transition temperature; T-C, temperature-composition.
C 1993 by the Biophysical Society 0006-3495/93/08/939/16 $2.00 an increased interest in the asymmetric lipids, the phosphatidylcholines (PC) in particular. For example, several groups have set about investigating systematically the influence of chain length inequivalence on thermotropic mesomorphism and lipid miscibility (Mattai et al., 1987; Wang et al., 1990; Lin et al., 1990 Lin et al., , 1991 Bultmann et al., 1991a; Huang, 1991) .
The benefits of such a study include establishing the fundamental principles upon which the molecular structuremesophase behavior relationship is based. This, in turn, wilt enable us to address the question of why such variety exists in the lipid composition ofbiomembranes and should provide a reliable basis for the rational design of model and reconstituted membranes. The database of such information is still under development, but its scope and size are growing steadily (Caffrey et al., 1991b) .
In any discussion of the asymmetric glycerolipids it is necessary to introduce a measure of chain asymmetry or inequivalence by defining the quantity AC/CL referred to as the normalized chain-length difference (Mason et al., 1981) .
Here AC = nl-n2 + 1.51
(1) is the effective chain-length difference, and nl and n2 are the number of carbons in the chains at the sn-1 and sn-2 positions of the glycerol backbone, respectively. The constant 1.5 is introduced to take account of the effective sn-2 chain length shortening due to a bend in the chain between the , and 'y methylene units (Zaccai et al., 1979) . CL is the effective length of the longer of the two chains and is de- thyl terminus of the two chains is in perfect registry.
As part of the study introduced above, the Huang group investigated the effect that chain length inequivalence has on the chain order/disorder transition temperature (Tm) and enthalpy change (AH) in PCs with an identical molecular weight (Bultmann et al., 1991a; Huang, 1991; Lin et al., 1991; Wang et al., 1990) . This amounts to exchanging methylene groups between the sn-i and sn-2 chains to alter their relative lengths while at the same time holding molecular weight constant. The following results were obtained. Tm FIGURE 1 Cartoon representation of asymmetric phosphatidylcholines to illustrate the meaning of the terms used to describe normalized chain length difference AC/CL. The phosphocholine headgroup is labeled P-C, and the three glycerol backbone carbons are identified appropriately as sn-i, -2, and -3. The number of carbons in the fatty acyl chains at the sn-i and sn-2 positions are nl and n2, respectively. The overall geometry of the molecule is based on the neutron diffraction measurements of Buldt et al. (1978) McIntosh et al., 1984) ). The characteristics of the Lm phase will be discussed further below. What is interesting about this latter group of lipids is that the longer of the two acyl chains has an effective chain length in the gel phase which is approximately double that of the chain length inequivalence. In this study, we focus on one of these lipid species, viz., 22/12 PC, which has a AC/CL value of 0.548, right in the middle of the AC/CL range where the L m phase is proposed to exist. It has two saturated fatty acyl chains which are 22 (behenyl) and 12 (lauryl) carbon atoms long in ester linkage at the sn-i and sn-2 positions, respectively, of the glycerol backbone. 22/12 PC is referred to as a mixed chain lipid where mixed indicates that the two acyl chains are different. To date, a limited amount of calorimetric data but no structure or miscibility information is available on this "pivotal" lipid species. We wished to improve on this deficit by performing a study incorporating the following objectives: to establish mesophase identity and to characterize structurally, thermodynamically, and thermomechanically the various mesophases that exist in the temperature-composition phase diagram of the 22/12 PC-water system in the temperature range of 25 to 65°C and in the composition range from 0 to 85% (w/w) water. X-ray diffraction of powder samples Sample preparation
EXPERIMENTAL PROCEDURES Materials
The powder samples at various water concentrations were prepared in 0.7-mm diameter (10-gm wall thickness) quartz capillaries (Charles Supper Co., Natick, MA). The lipid was dropped into a capillary of known weight through a small plastic funnel made from a 0.5-10-pd Ultra Micro Tip (Eppendorf, Brinkmann Instruments, Inc., Westbury, NY). After the loaded capillary was weighed on an electronic micro balance (Micro M3P; Sart0rius Co., Bohemia, NY), a defined volume of Milli-Q water was delivered to the top of the capillary and spun down into contact with the lipid by using a bench-top centrifuge (model 428; International Equipment Co., Baxter Healthcare Co, IL). The capillary was reweighed, sealed using a butaneoxygen micro-flame torch (Microflame, Inc., Minnetonka, MN), and further sealed with extra fast setting epoxy (04001; Hardman Inc., Belleville, NJ). To obtain a homogeneous sample, the hermetically sealed capillary was heated to between 65 and 70°C in a Multi-Block Heater (H2025-1A; LabLine Instruments, Melrose Park, IL) for 5 min and then cooled to room temperature (approximately 25°C). This heating and cooling process was repeated four times.
Two dry samples were also prepared. The lipid was packed into the capillary and sealed in the same way as described above with the exception that no water was added. One of the dry samples experienced the heating and cooling cycles as above. The other was not preheated.
All samples were stored at 2-4°C until 2 h before the x-ray diffraction measurements were made.
X-ray source
The diffraction experiments on powder samples were carried out with wiggler-enhanced, monochromatic synchrotron radiation on the Al and Fl lines at the Cornell High Energy Synchrotron Source (CHESS). In the Al station, time-resolved x-ray diffraction measurements were made using focused x-rays as previously described (Caffrey 1985 (Caffrey , 1987 . The machine was operated at 5.26 GeV, with an 80-mA electron beam current in the seven-bunch mode, and with the six-pole wiggler at half-power. The Fl station was operated at a 90-mA total of positron beam current with wiggler radiation from a 25-pole, 1.2-Tesla permanent magnet insertion device. Detailed information on the Fl line has been described previously (Chung and Caffrey, 1992) . The x-ray wavelength used in theAl (1.561 A) and Fl (0.912 A) stations was determined using a lead nitrate standard and a carefully measured sample-to-film distance. The incident x-ray beams were defined using a 0.3-mm diameter collimator (Charles Supper Co., Inc., Natick, MA). The x-ray flux through the collimator was of order 1010 photons/s in both Al and Fl stations measured using an ion chamber.
Data were also collected on the X12B line at the Brookhaven National Synchrotron Light Source (NSLS). X-ray wavelength (0.912 A) was determined by using a cholesterol myristate standard and a carefully measured sample-to-film distance. The optical arrangement at the X12B station enabled focusing of the beam to a point approximately 0.5-mm wide and 2-mm high at the detector. The optical configuration at X12B has been described previously (Chung and Caffrey, 1992) .
Diffraction measurements
The experimental arrangement for making powder x-ray diffraction measurements has been described previously (Mencke and Caffrey, 1991) . In addition, a home-built sample holder was used, the central part of which consists of a brass or beryllium cell in thermal contact with two thermoelectric (Peltier) devices via a copper block. A small window in the brass cell is covered with Metalon aluminized film (Type C(15), 0.0005-inch thick, Alexander Vacuum Research, Inc., Greenfield, MA) to provide a more uniform thermal environment for the samples. The cell assembly is housed in an aluminum box fitted with two thin beryllium windows. The entire sample holder is attached to two motorized and remotely controlled translation stages that allow positioning in both the vertical and horizontal directions. These motors and the temperature of the cell are all under computer (Macintosh IIfx) control using LabVIEW (National Instruments Co.,Austin, TX) software.
A streak camera was used to record live-time x-ray diffraction patterns continuously as a function of temperature. This camera has an adjustable vertical slit through which the diffracted x-rays pass before being recorded on x-ray sensitive film (DEF-5; Kodak, Rochester, NY) and/or image plates (Kodak storage phosphor; Kodak). The latter are translated at a constant speed behind the slit controlled by LabVIEW software as above. Because a finite slit width is used, data collected with the streak camera have time and temperature resolution compromised somewhat in the present application. For example, with a 2.2-mm wide slit and a film translation speed of 6 mm/min, each spatial element on the film or plate is exposed for 5 [2.2 mm/(6 mm/min =] 0.4 min (24 s). With a temperature scan rate of 2°C/min, the corresponding temperature range that each spatial element samples is s[2°C/min X 0.4 min =] 0.8°C.
The isoplethal temperature-composition phase diagram was constructed in the designated temperature and composition range as follows. Each sample of fixed hydration was heated at a rate of 2°C/min from 25 to 65°C, incubated at 65°C for 5 min, and then cooled to 25°C at the rate of 2°C/min. The x-ray sensitive film (5 X 7 inch) moving behind a 2.2-(CHESS) or 2.75-mm (NSLS) vertical slit at the speed of 4.2 or 6 mm/min (depending upon the strength of the x-ray beam), was used to record both low-and wide-angle diffraction patterns simultaneously. Continuous translation of the capillary sample back and forth in and perpendicular to the x-ray beam over a 3-5-mm range at a rate of 5 mm/s during the entire exposure limited the degree of x-ray damage to the sample. At no point in the course of these measurements was any one part of the sample exposed to the beam for longer than 4 min. Experiments to test for radiation damage were performed following a previous description protocol (Caffrey, 1984; Cheng et al., 1993) . In one test on the X12B line at NSLS, the fully hydrated sample was exposed continuously to the x-ray beam for 30 min at 40°C, and a separate diffraction pattern was recorded every 2 min. In another test on the Al line at CHESS, the diffraction patterns were recorded continuously as a function of time at room temperature (ca. 24°C) for 1 h using the streak camera. No damage was observed during the first 10 min of exposure in both tests. At longer exposure times, the diffraction pattern begins to fade.
To complement the streak film data high resolution two-dimensional diffraction patterns were recorded periodically on stationary x-ray-sensitive film.
X-ray diffraction of oriented samples Sample preparation To construct the electron density profiles of the lamellar gel phase, oriented samples were prepared as follows. Forty ild of -0.2 mg of lipid/,u chlo-roform solution was placed on a 0.8-1.0-mm-thick micro glass slide (-2.5 cm2 in area; Objekttrager, Porte-objects, Switzerland) in 8-,l increments. After each deposition, the sample was placed in a closed glass chamber (3-inch diameter, 1.5 inches high) containing a separate reservoir of chloroform to allow the solvent in the sample to evaporate slowly (in -5 min) thereby facilitating the formation of highly oriented lamellae. The sample was stored subsequently in an empty glass dish covered loosely with filter paper to allow air exchange at room temperature for 24 h to deplete further the solvent content of the sample. The sample was transferred to a humiditycontrolled diffraction cell (-1.5-inch diameter) containing two shallow wells filled with a saturated salt solution which serves to fix the relative humidity (RH) within the cell. The cell was sealed with a screw cap and vacuum grease (Dow Corning Co., Midland, MI). A Kapton (K-104; XTO Inc., Johnson City, NY) window through which x-rays can pass is provided in the side of the cell. The following salt solutions were used to provide atmospheres of increasing RH: NaBr, 57.0% RH; NaCl, 75.5% RH and KCI, 84.6% RH (O'Brien, 1948) . Oriented samples were incubated at each RH for at least 24 h at 28 (±2)°C before the diffraction measurements were made at 28 (±2)OC.
A Rigaku, Geigerflex camera with D/MAX-B system software (Danvers, MA) was used to collect 0-20 diffraction scans on oriented samples. The x-ray tube was operated at 40 KV and 30 mA. The 1/60 divergence slit was used to fix the horizontal divergence angle of the x-ray beam irradiating the sample. A receiving slit with an aperture width of 0.15 mm and the 1/60 scattering slit were placed on the downstream side of the sample to reduce unwanted scattered x-rays from striking the counter. A 0.021-mm-thick nickel filter (0.019 g/cm2) was placed in front of the receiving slit to allow the CuK a radiation at 1.541 A to enter the counter.
To check that the hydrated lipid bilayers were well oriented on the glass slide, a quick diffraction measurement was made in the 10 <20< 250 range. The absence of sharp reflections from the acyl chains in the region between 20 and 250 indicated that the sample was indeed highly oriented. Subsequent 0-20 scans were recorded from 1 to 210 in steps of 0.010 at a rate of 0.030/ min at 28 (±2)°C. Each complete diffraction pattern was collected in about 11 h.
Electron density profile determination
To decipher hydrocarbon chain-packing conformation in the lamellar gel phase, the diffracted intensity distribution in the 0-20 scan was analyzed to yield one-dimensional electron density profiles as described previously (Caffrey et al., 1991b) with the following modification. The integrated intensity of each reflection was calculated by using the Integrate-Area function under Macro menu of KaleidaGraph software (Version 2.1; Synergy Software, Reading, PA).
Specific volume
A neutral buoyancy technique (Caffrey et al., 1991a ) was used to measure the specific volume of the lipid in the lamellar gel phase. A series of H20/ D20 solutions of various densities were prepared in 2-mm diameter quartz capillaries (Charles Supper Company, Natick, MA). A 50-,lI syringe (Hamilton Co., Reno, NV) was used to deliver the H20/D20 solution into the capillary to which was added the dry lipid powders. The capillary was then sealed with the micro flame torch followed by epoxy glue as described above, centrifuged in a bench-top centrifuge, and kept in a Multi-Block Heater (H2025-1A; Lab-Line Instruments, Melrose Park, IL) at 28 (±2)°C and 40 (±2)0C for 5 days before making the final observations. The density of H20 and D20 is 0.996 and 1.104 g/ml at 280C and 0.992 and 1.100 g/ml at 400C (CRC Handbook). The specific volume of the lipid, vl, was determined from the H20/D20 mixture giving neutral buoyancy with an esti-
RESULTS

Specific volume
The specific volume of fully hydrated 22/12 PC multilamellar vesicles was measured by the neutral buoyancy method at 28 (±2) and 40 (±2)°C as described under Experimental
Procedures. The corresponding values are 940 (±1) and 946 (± 1) ,ul/g for the lipid in the lamellar gel phase which correspond to a molecular volume of 1188 and 1196 A3 given a molecular weight of 761 g/mole.
Hydrated lipid
As a structural complement to previously performed calorimetry measurements , low-and wide-angle x-ray diffraction measurements were performed on hydrated 22/12 PC. Both static and time-resolved streak film data were collected. The static two-dimensional diffraction patterns (data not shown) were recorded at selected temperatures in the range of interest as a check on the veracity of the streak film data, since the former offer superior sensitivity and resolution. In every instance, the static and streak film data were in agreement in regard to both intensity and d-spacing of the various reflections in the pattern. A selection of streak film data recorded in the heating and cooling directions in the 25 to 65°C range through the chain order/disorder transition, Tm, is shown in Fig. 2 . The corresponding phase designation is included in Fig. 2 A.
In the low-angle region below Tm, four lines are apparent which index on a one-dimensional lamellar lattice with doo1 = 52.2 A at 28°C and 18.6% (w/w) water concentration ( Fig A dramatic change in phase is observed in the streak film at 43°C when chain "melting" occurs. This is evidenced by a loss of the sharp wide-angle reflection which is replaced by a broad, diffuse scattering band centered at -4.5 A (not apparent in the photograph shown in Fig. 2 Lin et al. (1990) ).
The LWILa phase transition as observed in the streak film data shown in Fig. 2 ) that the heating transition is not simply reversed upon lowering temperature (Fig. 2 B) (Fig. 2 C) . The structural origin of the two exothermic events has not been elucidated based on the current x-ray diffraction measurements. Parenthetically, we note that this unusual cooling behavior was observed with fully hydrated lipid only. Simple heatingcooling reversibility prevailed with samples prepared at less than full hydration.
A series of isoplethal measurements in the heating direction has been carried out on 22/12 PC over a range of hydration levels extending to 84.3% (w/w) water. From 10.3 to 84.3% (w/w) water, the only features of the diffraction pattern to change were the lamellar lattice dimensions and the relative intensities of the low-angle reflections for the Lp phase up to 34% (w/w) water and for the La phase up to 43% (w/w) water. These data are shown in Fig. 3 where the lamellar repeat for both the Lp and the La phases is plotted as a function of water content. At 28°C, the size of the Lo lamellar repeat increases linearly with hydration level from 47.2 A at 10.3% (w/w) up to a limiting value of -59 A at 34% (w/w) water. Thus, 34% (w/w) water marks the maximum water holding capacity of this phase at 28°C. Beyond this limit, additional water forms a separate aqueous bulk phase and does not serve to swell the lipid further.
At 60°C in the La phase, the hydration dependence of the lamellar repeat is sigmoidal. Swelling continues up to the hydration limit of 43% (w/w) water where the lamellar repeat stabilizes at 71 A. An analysis of the streak film data over the full range of hydration shows that the hydration limit is essentially temperature-independent for both the Lp and La phases in the temperature range studied. A select set of such data is included in Fig. 4 Fig. 7 . The data collected in the 57.0 to 84.6% RH range fell on a smooth curve indicating that the unit cell, and, thus, the structure of the bilayer, did not change significantly upon hydration. The corresponding electron density profiles obtained from these swelling series data are presented in Fig. 8 for the three hydration levels studied. These profiles suggest that in the L, phase lipid has acyl chains that interdigitate as will be expanded upon under the Discussion. . 6, 25.5, 17.0, 10.2, 10.7, 9.54, 9.13, 7.83, 6.19, 5.86, 5.66, 5.51, 4.55, 4.44, 4.32, 4.22, 4.00, 3.90, 3.85, 3.64, 3.50, 3.40, 3.10 
DISCUSSION Membrane mensuration
In what follows, the structure parameters derived from x-ray diffraction measurements are combined with composition and specific volume data to reveal the arrangement of lipid and water in the different lamellar phases observed in this study. An important quantity obtained from the hydration data shown in Fig. 3 , where doo1 (hereafter referred to simply as d) is plotted against water content, is the hydration limit of the phase under investigation. For the low temperature gel phase, this hydration limit occurs at 34% (w/w) water. The corresponding value for the La phase is 43% (w/w) water. In both cases, the hydration limit is quite insensitive to temperature in the range studied (Fig. 4) . Thus, regardless of the overall water content of the sample, once the hydration limit is exceeded the composition of the phase is that of the hydration limit. Below the limiting hydration level, the water content of the phase is that of the sample overall.
Mesophase mensuration was carried out following standard procedures (Small, 1967; Luzzati, 1968 The data in Table 2 and in Fig. 3 show that as water content urve was calculated increases up to the hydration limit in both L and La phases wieth 001and ending so too do d and d,. In contrast, d1 decreases slightly but significantly in response to hydration. This type of behavior is common to a host of lipid systems (McIntosh et al., 1984;  Shah et al., 1990; Klose et al., 1988; Klose et al., 1992 A, respectively. These data rule out a simple chain order- (6) to-disorder transition within the bilayer which would effect a reduction rather than an increase in dl. Thus, the transition )id molecule by: must involve, in addition to chain melting, a structural rearrangement of the lipid molecules relative to one another in (7) the bilayer. This important issue will be elaborated on further when chain packing in the low temperature phase has been Lvogadro's num-discussed. X(A) FIGURE 8 One-dimensional electron density profiles of 22/12 PC at 28 (±2)°C and 57.0, 75.5, and 84.6% RH. At 57.0% RH, the lamellar repeat distance is 45.4 A, the distance between the peaks of highest electron density (dp-p) is 38 A, and the resolution of the profile is 5.7 A. The corresponding values for the profile at 84.6% RH are 47.8, 37, and 8.0 A. The CPK model of 22/12 PC in the L' phase is included at the bottom of the figure for reference.
Electron density profile
As noted above, the structure of the unit cell for the lamellar gel phase of hydrated 22/12 PC does not change significantly upon hydration. Thus, we have been able to construct a medium-resolution, one-dimensional electron density profile in the direction normal to the bilayer plane by performing a Fourier analysis of the (001) diffracted intensities collected by using aligned, multilayer samples equilibrated in an atmosphere of controlled RH and temperature. Such a profile with a resolution of 5.7 A is presented in Fig. 8 . This is the only profile consistent with the swelling series data. The salient features of the profile are (i) a high electron density peak at ± 19 A arising from the electron-rich headgroup, (ii) a large, single trough at the center of the bilayer due to the terminal methyl group of the acyl chain at the sn-2 position which is of low electron density, and (iii) Fig. 9 A. Here, the standard glycerophosphocholine configuration was used with the choline headgroup oriented approximately parallel to the bilayer surface and the glycerol backbone parallel to the all-trans methylene segments of the sn-i chain (Buldt et al., 1978) . In this unstrained configuration, the molecule measures 33 ± 1.5 A along its long axis. This is made up of (i) 7 A for the glycerophosphocholine headgroup and includes the COO moiety of the sn-i chain and (ii) 26 A from the center of the CH2-CO bond to the tip of the terminal methyl of the sn-i chain. The distance between the center of the Cp-Cy bond of the acyl chain and the tip of the terminal methyl of the sn-2 chain is 14 A.
With this basic configuration, a number of molecular arrangements were considered as ways in which 22/12 PC molecules assemble in the L, and La, phases. The model for the Lp phase is shown in Fig. 9 A. This model offers compact packing of chains and headgroups and has the terminal methyl groups on the two chains of a given lipid molecule out of register by -12 A. Allowing for interdigitation of chains to this extent across the bilayer midplane provides a bilayer thickness of 42 A [(2 X 7) + (2 X 14)] with chains parallel to the bilayer normal. This bilayer thickness is consistent with the measured value (43-38 A, Fig. 3 ) in the hydration range studied. The wide-angle diffraction pattern from such samples consists of a single, sharp reflection at 4.13 A and does not show any evidence for tilting. This result suggests that the lipid molecule long axis is parallel to the bilayer normal. As can be seen from an examination of the bilayer model in Fig. 9 A the headgroup of each lipid molecule is associated with three acyl chains in the plane of the membrane. This is consistent with the membrane mensuration value of S/I; = 3 (Table 2) indicating that the interfacial surface area per lipid molecule is approximately three times the cross-sectional area of a single acyl chain. The calculated electron density profile is in excellent agreement with the model shown in Fig. 8 . The experimental data therefore suggest that the arrangement of molecules in 1Numbers in parentheses in this column correspond to relative error. For example, in the case of S (A2), the relative error is S x \I(Av1/v1)2 + (Adl/d1)2, where A refers to the estimated uncertainty in the measured quantity.
'This non-preheated sample is in the Lc phase. Values of S are calculated only for lemellar gel phases (Eq. 8).
the lipid bilayer is of the so-called mixed interdigitated type (Lm McIntosh et al., 1984) ) as shown in the figure.
In When dry 22/12 PC is subjected to a preheating treatment the lipid forms a single, possibly metastable, lamellar gel phase. The lamellar repeat is 56.9 A at 28°C, and the diffraction pattern shows a sharp reflection at 4.21 A with a wide-angle shoulder at 4.19 A reminiscent of the Lp, phase of hydrated symmetric PC homologs. In the case of the Lp, phase the acyl chains are tilted with respect to the bilayer normal. A molecular arrangement consistent with these observations is presented in Fig. 9 B. It shows 22/12 PC in the lamellar, so-called partially interdigitated gel phase (LP) wherein the chains interdigitate. In contrast to the L m phase, chain interdigitation in theL , is incomplete. This means that the acyl chains from lipid in one leaflet of the bilayer do not extend all the way across the bilayer but rather meet one another in the bilayer interior with the terminal methyls at the sn-i and sn-2 positions from adjacent leaflets touching. The lipid bilayers so formed have two acyl chains/headgroup on average consistent with an S/A value of 2.10 recorded in Table 2 .
Interestingly, we find coexistence of the partially and mixed interdigitated phases at hydration levels intermediate between the dry and more fully hydrated condition. The preheated dry lipid adopts the former, while hydrated lipid assumes the latter configuration. Only two measurements were made in this region of intermediate hydration. In both cases, a limited number of low-angle reflections were observed making unambiguous phase identification impossible. The following rationale was used in making the above tentative phase assignments. In the case of the sample at 6.6% (w/w) water a single, low-angle reflection at 45.8 A was observed at 28°C. If we assume that this corresponds to the (001) reflection of a lamellar phase and perform membrane mensuration calculations as above we find the following repeat parameters: d = 45.8 A, d1 = 42.6 A, and d, = 3.2 A.
Referring to Fig. 3 , the repeat parameters of the Lm' phase change monotonically with water concentration in the range 10.3 to 34% (w/w). Extrapolating these plots back to 6.6% (w/w) water gives the following repeat parameter values: d = 45.2 A, d1 = 42.0 A, and dw = 3.2 A in close agreement with the values noted above. This lends support to our tentative identification of the phase observed at 28°C and 6.6% (w/w) water as being of the Lm type. Consistent with this designation is the observation made during the swelling series experiments that the intensities of the higher order reflections from the L m phase are likely to be weak at this low hydration level (see Fig. 7) .
The sample at 4.2% (w/w) water and 28°C has been proposed to consist of co-existing L m and L , phases. However, only two reflections are seen in the low-angle region of the diffraction pattern at 45.8 and 59.2 A. If we assume that these correspond to the (001) reflections of the L m and L P phases, respectively, membrane mensuration calculations give S/Z values of 3 and 2, respectively, as expected. Thus, the reflection at 59.2 A can be compared with the lamellar repeat d-spacing of the L , phase in the dry lipid at 56.9 A. In turn, the reflection at 45.8 A can be compared with the lamellar repeat value 43.2 A obtained by extrapolating back to 4.2% (w/w) water in the d-spacing hydration plot in Fig. 3 . The difference between these last two values most likely reflects the presence in the corresponding temperature-composition phase diagram of a phase coexistence region where, at a fixed temperature, it is the relative amounts of the two coexisting phases that change with overall composition and not the actual water content, and thus, d-spacing of the phase.
In the excess water region beyond the hydration limit, passage through the order/disorder transition is accompanied by a 20% increase in lamellar repeat spacing from 59 to 71 A when data are compared at 28 and 60°C. The membrane mensuration data (Table 2) show how the various compartments within the unit cell change as a result of the heating transition. Interestingly, the size of the water layer between lamellae increases from 21 to 30 A, while the bilayer thickness undergoes an unexpected increase also from 38 to 41 A.
It is unexpected because for a simple chain order/disorder transition the introduction of trans/gauche rotational isomerization in the chain at high temperatures has the effect of lowering the effective length of the chains (Cevc and Marsh, 1987) . Undoubtedly, this effect is occurring during the transition in question. However, it must also be accompanied by at least one other structural rearrangement to cause the overall bilayer thickness to increase as it does. We propose, therefore, that in addition to chain "melting" the lipid molecules, which start out at low temperature in the L m phase, undergo a structural rearrangement so that the molecules end up in the La phase with an orientation akin to that found in the partially interdigitated phase. In theLL phase, space-filling CPK models give a bilayer thickness of 42 A. A reduction in bilayer thickness of -5 A is expected for methylene segment melting only. This calculation assumes a contribution of 1.00 and 1.26 ± 0.01 A per methylene group above and below the transition temperature, respectively (Tardieu et al., 1973; Hauser and Shipley, 1983) . However, in theL 3,P phase spacefilling models give a bilayer thickness of 60 A and a reduction by -8 to 52 A upon methylene segment melting only. Since the L P-to-LLa transition is accompanied by an increase of interfactial area per lipid molecules, it is possible that in the L,,a phase the headgroup is oriented more or less parallel to the bilayer plane which accounts for a further reduction in d1 by --6 to 46 A. The later is consistent with the measured lipid bilayer (38-41 A) in the hydration region studied (Table 2 and Composition, % (w/w) Water FIGURE 10 Temperature-composition phase diagram of 22/12 PC in water obtained by using time-resolved x-ray diffraction isoplethally in the heating direction. The onset (a) and completion (0) temperatures of the chain order/disorder transition correspond to the lowest and highest temperatures of phase coexistence observed in the streak film data of the type shown in Fig. 2 A. The hydration limit is marked with an x and was determined at several temperatures from swelling data of the type shown in Fig. 3 (Fig. 3 B) there is somewhat more uncertainty in the position of the corresponding boundary for the LP phase. This is so indicated in the phase diagram by horizontal bars in the figure.
For purposes of discussion the T-C phase diagram can be viewed as being composed of four quadrants. There are several novel features associated with this phase diagram. To begin with, the boundaries separating the waterstressed from the fully hydrated phases are essentially independent of temperature to within the error limits of these measurements. Second, in the water-stressed region between -0 and 45% (w/w) water the chain order/disorder transition temperature shows very little dependence on water content. What we find in this region is that the onset temperature remains essentially unchanged at 43°C, while the completion temperature rises from 43°C at 35% (w/w) water to 44°C at 0% (w/w) water. This is in distinct contrast to the behavior of the symmetric PCs which shows a pronounced increase in the chain order/disorder transition temperature with dehydration (Gottlieb and Eanes, 1974; Ulmius et al., 1977; Grabielle-Madelmont and Perron, 1983) . Third, the Lm-to-LP transition takes place without the appearance of an intermediate phase such as the ripple or P, phase as is observed with the symmetric PCs (Janiak et al., 1979; Kodama et al., 1982; Grabielle-Madelmont and Perron, 1983) . It is true that the low temperature phase is different for the symmetric and asymmetric PCs. In the former case, the low temperature phase is of the L, type with tilted chains and minimal interdigitation of chain termini at the bilayer midplane.
With the Lm, phase, however, interdigitation is complete. It without additives) , namely, 1-stearoyl-2-caproyl-sn-glycero-3-phosphocholine (18/10 PC) and 1-octanoyl-2-stearoyl-sn-glycero-3-phosphocholine (8/18 PC), both highly asymmetric PCs (McIntosh et al., 1984; Shah et al., 1990) . A feature common to all three lipids is a AC/CL value of 0.5-0.6.
To within the limits of our measurements, the phase diagram appears to be consistent with the Gibb's phase rule in that single phase regions are separated by regions of two phase coexistence. Furthermore, the two phase regions are separated by one phase or three phase regions, and the latter only by two phase regions.
Mesophase thermal expansion Much of the data in this study was collected using streak film where the influence of temperature on structure parameter dimensions is immediately apparent. Accordingly, the thermal expansion coefficient defined as a = (1/n)(An/AT) (9) where 7q is the parameter under consideration and T is temperature, has been calculated for both the long-and shortrange periodic structures within the lamellar phase as a function of hydration level. The quantity a can be viewed as the responsivity of the given lattice dimension to temperature normalized to a particular reference lattice size. In the case of the Ll' phase, a values can be calculated which refer to the thermal responsivity of the lamellar repeat (d), the lipid bilayer thickness (dl), the water layer thickness (d,) , the acyl chain repeat spacing (d,) , and the lipid-water interfacial area (S). These data are presented graphically in Fig. 11 . Since the scattering from the chains in theLP phase is weak and diffuse the temperature dependence of chain disorder was not examined and only the a value for the lamellar repeat spacing is reported in this study (Fig. 11 A) .
The a value for the chain-packing lattice parameter in the L m phase is small, positive and quite insensitive to hydration (Fig. 11 F) . This indicates that the chain-packing lattice size increases only slightly with temperature and in a manner which is independent of lipid hydration in the region studied. In contrast, the lamellar repeat parameter in the L m phase has a negative a-value below the hydration limit beyond which it becomes totally insensitive to temperature and hydration level in the range studied (Fig. 11 B) . Qualitatively, the same behavior is found for d1 and d, in the Lm phase (Fig. 11, C and D) in the water-stressed region. beyond, d1 and dw respond oppositely to temperature such that the net effect is a thermally insensitive lamellar repeat (d) in this same region. The a value for the Lm lipid interfacial area is positive below the hydration limit (Fig. 11 E) . The a value drops but does not change sign when full hydration is reached.
The situation is somewhat different in the case of the lamellar repeat parameter of the LP phase. It exhibits a large negative a value below and a small positive a value above the hydration limit.
Comparison with other systems and other studies The calorimetric properties of 22/12 PC have been studied under conditions of full hydration. For example, upon heating at a rate of 10-15°C/h in the range 10 to 60°C, Lin et al. (1990) found a single, sharp endothermic transition at 43.40C (AlH = 13.5 kcal/mol). This transition was reproduced in a second heating scan. Our data show this to be the L,'-to-LP transition. On cooling at a rate of 5-15°C/h, two exothermic transitions were found, one at 42.7°C and the other at 38.6°C (Fig. 2 C) . The sum of the two exothermic transition enthalpies was 13.0 kcal/mol. Upon repeated heatingcooling cycles the area under the low temperature exothermic transition at 38.6°C increased at the expense of that associated with the cooling transition at 42.7°C. While the cooling behavior of the fully hydrated 22/12 PC system was not examined in detail in the present study, it is interesting to note the correspondence between the diffraction and the calorimetric data as shown in Fig. 2 , B and C.
The calorimetric behavior of 22/12 PC described above is similar to that of 18/10 PC as studied by Boggs and Mason (1986) . Interestingly, the AC/CL of these two lipids is very similar (0.559 vs. 0.548 for 22/12 PC). Freshly prepared and fully hydrated 18/10 PC shows a single heating endotherm and a single cooling exotherm centered some 4°C below the heating transition. Both transitions have the same associated enthalpy change. When the samples are subjected to prolonged storage at -20°C the temperature of the cooling transition increases and develops into two poorly resolved exothermic peaks. After repeated cycling through the main transition, the size of the lower temperature exothermic cooling peak increases at the expense of that at the higher temperature. Thermal history had no effect on the heating endotherm.
Calorimetric behavior which includes a single heating endotherm and multiple cooling exotherms is not confined to the asymmetric PCs. For example, fully hydrated 1-stearoyl-2-caproyl-sn-glycero-3-phosphoethanolamine (18/10 PE) exhibits such behavior with a single asymmetric endothermic transition at 21.1°C and two partially overlapping cooling exotherms, one at 20.1°C and the other at 17.9°C (Mason and Stephenson, 1990) . The cooling transitions were found to be sensitive to scan rate, while the heating transition was not. The high temperature cooling exotherm was attributed to an La-to-LP transition and the lower temperature exotherm
In addition to studies on the thermotropic and lyotropic mesomorphism of the asymmetric PCs, a limited number of measurements have been performed on the miscibility of these lipids with other symmetric and asymmetric PCs. An interesting trend emerges from an examination of the miscibility properties of these systems as summarized in Table  3 . In this table, the binary lipid systems have been arranged into three groups. Group I includes binary mixtures of symmetric and asymmetric (AC/CL = 0.21-0.37) PCs. In this group, complete miscibility is seen in both the gel and liquid crystalline phases. Again, complete miscibility is observed in the low and high temperature phases with Group II binary mixtures where both lipids are asymmetric to nearly the same degree (AC/CL = 0.50-0.54). Group SUMMARY X-ray diffraction and specific volume measurements coupled with mesophase mensuration on oriented and powder samples of a highly asymmetric phospholipid, 22/12 PC, have been performed with temperature and lipid hydration as variables. The corresponding T-C phase diagram shows some significant departures from the behavior of the symmetric PCs, the most notable of which include the absence of a P phase between the lamellar gel and liquid crystal phases, a weak dependence of chain order/disorder transition temperature on hydration, and a pronounced tendency for chain interdigitation in the assorted lamellar phases found. All of the phases encountered in this study have undergone careful structure characterization, and in each case the dependence of the various lattice parameters on temperature and on hydration has been measured. Furthermore, thermomechanical properties of the lipid and aqueous compartments within these phases and their dependence on hydration have been established. Our next most immediate objective is to extend this study to related asymmetric PCs and other phospholipid classes and to examine in greater detail the miscibility properties of the symmetric and asymmetric phospholipids. The long term goal is to establish the relationship between lipid molecular structure, sample composition, mesophase behavior, and miscibility in an attempt to decipher the assorted interactions taking place in cellular and reconstituted membranes.
